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Malondialdehyde (MDA) and acetaldehyde react together with proteins in a synergistic 
manner and form hybrid protein adducts, designated as MAA adducts. In a previous study, 
a polyclonal antibody specific for MAA-protein adducts was used in an immunoassay to detect 
the presence of MAA adducts in livers of ethanol-fed rats. In the present study, the specific 
epitope recognized hy the antibody was defined and the chemistry of MAA adduct formation 
was further characterized. When several synthetic analogs were tested for their ability to 
inhibit antibody binding in a competitive ELISA, the results indicated that the major 
determinant of antibody binding was a highly fluorescent cyclic adduct composed of two 
molecules of MDA and one of acetaldehyde. The structure of this adduct was shown to be a 
4-methyl-l 1 4-dihydropyridine-3,5-dicarbaldehyde derivative of an amino group of a protein. 
Examination of MAA adduct formation with a variety of proteins indicated that in addition to 
this specific fluorescent adduct, MAA adducts were also comprised of other nonfluore3cent 
products. The amount of fluorescent epitopes present on a given protein was the major 
determinant of antibody binding as assessed in a competitive ELISA, although the efficiency 
of inhibition of antibody binding by these fluorescent epitopes on MAA-adducted proteins varied 
depending upon the particular protein. However, when these MAA-adducted proteins were 
hydrolyzed with Pronase, the concentration of these modified proteins necessary to achieve 
50% inhibition of antibody binding in a competitive ELISA fell into a mucb narrower range of 
values, indicating that protein hydrolysis equalized the accessibility of the antibody to bind 
the epitope on these various derivatized proteins. In summary, a cyclic fluorescent adduct of 
defined structure has been identified as the epitope recognized by our MAA adduct antibody. 
In addition to this specific adduct, MAA adducts are also comprised of other nonfluoreseent 
products. 


Introduction 

Ethanol metabolism in the liver generates a reactive 
metabolite, acetaldehyde, which is capable of binding to 
various proteins and other cellular constituents (1—4), 
Chronic ethanol consumption has also been suggested to 
induce lipid peroxidation which in turn can generate 
another reactive aldehyde, malondialdehyde (MDA) 1 (5— 
7), that can also bind to proteins to form MDA-protein 
adducts (8, 9). Both acetaldehyde-protein adducts and 
MDA-protein adducts have been detected in the livers of 
ethanol-fed animals (10, 11 ) and may play an important 
role in the pathological effects of ethanol on the liver. 

Recently, we have shown that MDA and acetaldehyde 
react in concert with proteins in a synergistic manner 
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and generate new and distinct hybrid protein adducts 
(12). These MDA—acetaldehyde-protein adducts exhibit 
highly fluorescent properties and have been designated 
as MAA adducts (12). An affinity-purified polyclonal 
antibody which specifically recognizes MAA epitopes on 
proteins has been produced and has been used to detect 
the presence of MAA-protein adducts in Evers of ethanol- 
fed rats (12). Although the chemical structures of MAA 
adducts have not been as yet completely elucidated, we 
have proposed that a cyclic adduct comprised of two 
molecules of MDA and one molecule of acetaldehyde may 
represent the structure for one of the major MAA-protein 
adducts (12). The structure of this cycEc adduct can be 
represented as a 4-methyl-I,4-dihydropyndine-3,5-dicar- 
baldehyde derivative to an e-amino group of lysine 
(Figure 1). The purpose of the present study was to 
characterize in detail the antigenic determinants recog¬ 
nized by the MAA-specific antibody which detects MAA 
adducts in livers of ethanol-fed rats and, secondly, to 
determine whether the cyclic MAA adduct (Figure 1) 
represents the epitope that is a major determinant of 
recognition and binding by this antibody. 

Materials and Methods 

Materials- Il,2- l ‘CJAcEtaldehyde (5 mCi/m»nol) was pur¬ 
chased from New England Nuclear (Boston, MA)- Radiolabeled 
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Figure 1. Proposed structure of a major MAA-protein adduct. 


acetaldehyde wag received from the manufacturer frozen as an 
aqueoua solution (1 mCi/mL), thawed, and diluted to 250 yCif 
mL with distilled water, rapidly refrozen, and stored at —70 
“C. The specific activity of the acetaldehyde was cheered as 
described by Miwa et al. (13). Bovine serum albumin (BSA) 
(crystallized, lyophilized, and fatty acid-free), human serum 
albumin (HSA), ovalbumin, pyridDXaf, pyridoxine, reduced 
nicotinamide adenine dinucleotide (NADH), nicotinamide ad¬ 
enine dinucleotide (NAD), nicotinamide mononucleotide (NMN), 
laminin, pofylysine, and rabbit muscle actin were obtained from 
Sigma Chemical Co- (St. Louis, MO). Nonradioactive acetal¬ 
dehyde was purchased from the Aldrich Chemical Co. (Milwau¬ 
kee, WI). MDA was'obtained as the sodium salt (MDA-Na) by 
treatment of tetramethoxypropane (Aldrich) with NaOH ac¬ 
cording to the method of Kikugawa and Ido (14). All other 
reagent chemicals utilized in organic synthesis were used as 
received from Aldrich- Hat hepatic cytosolic and microsomal 
fractions were prepared by ultracentrifugation as previously 
described (IS). The rat asialoglycoprotein receptor (ASGP-R) 
was purified from whole liver homogenates as descrihed earlier 

(id). 

Chemical Syntheses. The proposed MAA adduct structure 
is 4-methyl-l,4-dihydropyridine-3,5-carbaldehyde where the 
nitrogen is linked to a protein via the alkyl chain of lysine 
(Figure 1). In order to probe the binding site of the MAA-specific 
antibody, a number of analogs of the proposed MAA adduct 
(compounds 1—8 in Figure 2) were synthesized via the Hantzsch 
reaction (17). The scheme of this reaction and the products 
generated are illustrated in Figure 2. All of the compounds, 

1- 8, are 1,4-dihydropyridines and require 2 mol of a 1,3- 
dicarbonyl, a monofunctional aldehyde, and a primary amine 
for their syntheses. Compound 1 is expected to most closely 
resemble the MAA adduct in proteins because MDA and 
acetaldehyde are reacted with bexylnmine, which mimics the 
alkylamine chain of a lysyl residue of a protein. Compounds 

2— 4 differ from 1 by changing the amine. Compounds 5—7 
differ from 1 in the aldehyde used, and compound 8 is a diester 
rather than a dialdehyde. 

Thin layer chromatography was performed on Machcry-Nagel 
0.25 mm silica gel 60 plates. Unless otherwise noted, spots were 
visualized with UV (366 mn) light. Preparative column chro¬ 
matography was performed with silica gel, Aldrich 200—400 
mesh, 60 A. All 1 H NMR were recorded in CDCls, unless noted, 
on a Bruker 200 or Varian T-60 spectrometer. The chemical 
shifts (S) are relative to tetramethylsilane (IMS; 6 — 0.0 ppm) 
and expressed in ppm. Infrared spectra were recorded using a 
Perkin Elmer 1420 spectrophotometer and are relative to 
polystyrene (1601 cm -1 ). Melting paints were determined on a 
MelTemp meltingpoint apparatus. Microanalyse3 (C,H,N) were 
performed by Atlantic Microlah, Inc. (Norcross, GA). All new 
compounds, 4-8, are characterized by ! H NMR, IK, and 
microanalyses. The known compounds, 1—3, were confirmed 
by comparison to the literature data for 3 H NMR and melting 
point. 

A general procedure for the Hantzsch reaction is described 
for compound 1. A slight modification was used when a group 
other than methyl was required at the 4-position (compounds 


5—7). It has been demonstrated that a 4-methyl-l,4-dihydro- 
3,5-pyridinedicarboxaldehyde can form when malondialdehyde 
alone is reacted with primary amines (17). Thus when an 
aldehyde other than acetaldehyde was required, 0.01 mol of 
aldehyde was used instead of 0.008 mol. 

1-Hexy 1-4-me thy 1-1,4-dihydru-3,5-pyridinedicarhox.-ii- 
dehyde (1). A 1.0 M solution of MDA (10 mL, 0.01 mol) was 
transferred to a 100 mb round bottom flask. To this was added 
the hexylamine (1.1 mL, 0.81 g, 0.008 mol), the pH was adjusted 
to 4.0 with concentrated HC1 (5—10 drops), and then the 
acetaldehyde (0.28 znL, 0.22 g, 0.005 mol) was added. The flask 
was capped and allowed to stir at 50 °C for 2—4 h. The solvent 
was removed in vacuo. Column chromatography afforded the 
product (Rf — 0.73, 1:9 methanohchloroform) as a yellow solid 
(0.51 g, 43% yield). Eecrystallization from 95% ethanol afforded 
the product as yellow needles: mp 92—94 ”C (lit. (18) mp 95— 
96 -C); *H NMR 6 9.2 (s, 2H, CHO), 6.6 (s, 2H, C-CH), 3.9 (q, 
J = 6.6 Hz, 1H, CH-CHs), 3.4 (t, J = 7.0 Hz, 2H. NCHj), 1.2- 
1.8 (m, 8H, ICHzW, 1.1 (d, J = 6.6 Hz, 3H, CH3-CH), 0.9 (t,J = 
6.2 Hz, 3H, CHs-CH). 

1.4- Dimethyl-l,4-flihydro-3,5-pyridinedicarboxalde' 
byde (2). Column chromatography afforded the product (R; — 
0.54,1:9 methanokchlaroform) as an orange solid (0.43 g, 52% 
yield). Recrystallization from chloroform/petroleum ether af¬ 
forded yellow needles: mp 134—135 "C (lit. (19) mp 145—148 
°CX 3 H NMR <5 9.3 (s, 2H, CHO), 6.7 (s, 2H, C-CH), 3.S (q, J = 
6.5 Hz, 1H, CH-CH 3 ), 3.3 (s, 3H, N-CHi), 1.1 (d, J = 6.5 Hz, 
3H, CHa-CH). 

4-JVXethyI-l,4-dihydro-3,5-pyridiriedicsrhoxfildehyde (3). 
Column chromatography afforded the product (Rf — 0.61, 2:3 
chloroform:acetone) as an orange oil (0.50 g, 66% yield). Re¬ 
crystallization from ethyl acetate/petroleum ether afforded the 
product as an orange solid: mp 152—155 "C (lit. (IS) mp 169— 
171 °C); l H NMR 6 9.2 (a, 2H, CHO), 7.0 (s. 2H, C=CH), 4.1 (s. 
1H, N-H), 3.9 (q. J = 6.6 Hz, 1H, CH-CHs). 1.1 fd, J = 6.6 Hz, 
3H, CHs). 

l-(l,l-Di»ietbylethyI)-4-metliyl-l,4-dihydrn-3,S-pyi-i- 
dinedicarboxaldehyde (4). Column chromatography afforded 
the product (R r = 0.53, 1:9 uiethanoltehloroforrrO as an orange 
solid (0.58 g, 56% yield). Recrystallization from 95% ethanol 
afforded the product as a yellow solid: mp 186 °C; IR (KBr) 
3068, 2978,1658,1642, 1568, 717 cm" 1 ; l H NMR d 9.3 (s, 2H. 
CHOJ, 7.0 (s, 2H, C-CH), 3.9 (q, J - 6.6 Hz, 1H, CH-CHs), 1.5 
(s, 9H, (CH*), 1.1 (d, J = 6.6 Hz, 3H, CHs CH). Anal. Calcd 
forCjaHnNOz: C, 69.54; H, 8.27; N, 6.76. Found; C, 69,52; H, 
8.25; N, 6.66. 

l-Hcxyl-4-propyl-l,4-dibydro-3,5-pyridinedicarboxalde' 
hyde (5). Column chromatography afforded the product (Rf = 
0.58, 3:1 ethyl acetateipetroleum ether) as an orange solid (0.93 
g, 72% yield). Recrystallization from ethyl acetate afforded ths 
product as yellow needles: mp 63—84 °C; IR (KBr) 3044. 2969, 
2944, 1642. 1567, 709 cm- 1 ; 3 HNMR 6 9.3 (s, 2H, CHO), 6.7 (s, 
2H, C—CH), 4.0 (q, J — 6.6 Hz, 1H, CH-CHs), 3.5 (t, J = 6.8 Hz, 
2H, NCH Z ), 1.2—1.8 (m, 10H, (CH* (CH Z )J, 0.9 (t, J= 6.G Hz, 
6H, CHs, CHs). Anal. Calcd for C 1B H z6 N0 2 : C. 72.97; H, 9.57; 

N, 5.32. Found; C, 72.84; H, 9.55; N, 5.35. 

1.4- Dihexyl-l,4-dibydro-3,5-pyridinedicarboxnlde- 
hyde (6). Column chromatography afforded the product (Rf = 

O. 64, 3:1 ethyl acetate:petroletrm ether) as an orange oil (1.28 
g, 84% yield). Recrystallization from ethyl acetate afforded the 
product as yellow needles: mp 80—81 °C; IR (KBr) 3045, 2969, 
2945,1642,1567, 710 cm" 1 ; l HNMR d 9.3 0s, 2H, CHO), 6.7 (s, 
2H, C=CH), 4.0 Cm, lH, CH-CH 3 ), 3.5 (t, J - 6.8 Hz, 2H, NCH 2 ), 
1.1—1.9 (m, IfiH, (CHjfc, (CHjW, 0.8-1.1 (m, 6H, CH a , CHs). 
Anal. Calcd for CigHsiNOs: C, 74.71; H, 10.23; N, 4.59. 
Found: C, 74.64; H, 10.18; N, 4.52. 

1-Hexyf-4-cycIohexyl-l,4-dihydro-3,5-pyri dinedicarbox- 
aldehyde (7), Column chromatography afforded the product 
(Rr~ 0.56, 3:1 ethyl acetate:petroleum ether) a3 an orange oil 
(0.58 g, 38% yield). Recrystallization from 95% ethanol afforded 
the product as orange needles: mp 84 °C; IR (KBr) 3038, 2940, 
1658, 1643, 1562, 706 cm" 1 ; *H NMR 5 9.4 (s. 2H, CHO), 6.8 Cs, 
2H, C-CH), 4.0 (m, 1H, CH-cyclohexyl), 3.5 (t, J = 6.8 Hz, ZH, 
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Figure 2. Reaction scheme of the Hantzsch synthesis and 

NCHa), 1.2-1.9 (m, 19H, cyclohexyl, (CH 2 ),), 0.9 (m, 3H, CH 3 ). 
Anal. Calcd for C ia H 22 N0 2 : C, 75.21; H, 9.63', N, 4.62. Found: 
C, 75.08; H, 9.64; N. 4.55. 

l-Hexyl-4-methyl-l,4-dihydro-3,fi-pyridinedicarbox- 
ylic Acid, Dimethyl Ester (8). Methyl 3,3-dimethoxyprnpi- 
onate (1.4 znL, 1.48 g, 0.01 mol) was stirred with 1.0 M HC1 
(0.9 mL) for 20 min at room temperature. The solution was 
then diluted to 10.0 mL with H 2 0 to produce a homogenous 1.0 
M solution of methyl 3-oxopropionate. The 1.0 M solution of 
methyl 3-oxopropionate (0.01 mol) was transferred to a loo mL 
round bottom flask. To this was added hexylamine (1.1 mL, 
0.81 g, 0.008 mol), the pH was adjusted to 4.0 with concentrated 
HC1 (5—10 drops), and then acetaldehyde (0.2S mL, 0.22 g, 0.005 
mol) was added. The flask was capped and allowed to stir at 
50 “C for 3 h. The solvent was removed in vacuo. Column 
chromatography afforded the product (J?/ — 0.34, chloroform) 
as a yellow oil (0.70 g, 48% yield): IR (KBr) 3027, 2966, 2938, 
1706, 1689, 1581, 760 cm- 1 ; ‘H NMR <5 7.0 {s, 2H, C-CII), 3.8 
(q. J = G.S Hz, 1H, CH-CH,}. 3.8 (s, 6H, CH-j-O), 3.3 (t, ./= G.8 
Hz, 2H. NCH 2 ), 1.2—1.8 (m. 8H, (CHsh), 1.1 (d, J = 6.8 Hz, 3H, 
CH3-CH), 0.9 (t, J = 6.0 Hz, 3H, CHa). Anal. Calcd for C IG B 25 - 
NO«: C. 65.06; H, 8.53; N, 4.74. Found: C, 65.08; H, 8.49; N, 
4.65. 

Preparation of MAA-Protein Adducts. As previously 
described (12), various protein solutions were incubated with 
1.0 qM [“CJacetaldehyde and l.OmMMDA Incubations were 
conducted in phosphate buffer (0.1 mM, pH 7.4) at 37 °C in 
polypropylene vessels that were sealed to minimize the loss of 
volatile radioactivity. At the end of incubation, the reaction 
mixture was exhaustively dialyzed against phosphate buffer for 
24 h at 4 “C. Radioactivity was then measured in the dialyzed 
product, and the data are expressed as nmol of acetaldehyde 
bouud/mg of protein. The concentration of protein was deter¬ 
mined by the method of Lowry et al. (20). Fluorescence 
measurements (excitation max at 398 nm and emission max at 
460 nm) were obtained on postdialysis samples using a Perkin 
Elmer (Norwalk, CT) LS-5B spectrophotofluorimeter attached 
to a Perkin Elmer GP-100 graphics printer as previously 
described (12). The data are expressed as nmol of fluorescent 
MAA equiv/mg of protein, using hexyl-MAA, compound 1, as a 
standard. In some experiments, the protein-MAA adducts (1 
mg/raL) were digested at 37 °C for 8 h with Pronase (Sigma) 
(50 pg/mL) in 10 mM potassium phosphate (pH 7.4). Before 
using samples for assay, a final concentration of 10 mM EDTA 
was added to inhibit further protein hydrolysis. 


Preparation, Purification, and Biotinylation of Rabbit 
Polyclonal Antibody to MAA-Modified Proteins. A specific 
polyclonal antibody to MAA adducts was prepared as previously 
described (12). Briefly, New Zealand white rabbits were im¬ 
munized with rabbit plasma proteins at a concentration of 1 
mg/mL treated with 1 mM acetaldehyde and 1 mM MDA for 3 
days at 37 "C. After several boosts, serum was obtained, and 
the resulting antisera were then affinity-purified with lysine- 
derivatized Scpharase 4B beads (Sigma) modified by acetalde¬ 
hyde (1 mM) and MDA (1 mM) at 37 °C for 3 days. The eluted 
material was further purified hy protein G-Sepharose 4B 
(Pharmacia, Piscataway, NJ) column chromatography, yielding 
a purified immunoglobulin G fraction of greater than 95%. The 
affinity-purified antibody waa biotinylated by the method of 
Bayer and Wilchek (21). The biotinylated antibody was stored 
at 4 D C until use. 

Direct and Competitive Enzyme-Linked Immunosor¬ 
bent Assays (ELISA), A direct ELISA was used to determine 
optimal solid phase antigen coating and the dilution of poly¬ 
clonal rabbit antiserum. BSA, which was modified by acetal¬ 
dehyde (1 mM) and MDA (1 mM) at 37 S C for 3 days, was diluted 
to 2 ftg/'mL in bicarbonate buffer (pH 9.6), and 100 pL of sample 
was added to a 96-well ELBA plate (Immulon IV, Nunc, Fisher 
Scientific, St. Louis, MO). After incubation at 37 “C for 1 h 
followed hy an overnight incubation at 4 °C, the coated wells 
were washed with phosphate-buffered saline containing 0.05% 
Tween-20 {PBS-Tween) to remove unbound protein, The bioti¬ 
nylated antibody waa then added to the antigen-coated wells 
and incubated at 37 ®C for 1 h. After the plates were washed 
three timeB with PBS-Tween, 100 of alkaline phosphatase- 
conjugated streptavidin (Zymed Laboratories, San Franciaco, 
CA) was added and incubated at room temperature for 10 min. 
The plates were then washed three times with PBS-Tween, and 
100 /A. of the substrate, p-nitrophenyl phosphate (Sigma), was 
added. Optical density at 405 mn was measured by a Dynatech 
Micro ELISA Reader MR 7000 (Dynatech, Chantilly, VA). 

A competitive ELISA waa developed following the basic 
methodology as previously described (12). After preliminary 
experiments, the fallowing specific and optimal conditions were 
established to conduct the competitive ELISA ELISA plate 
wells were coated with 100 /iL of BSA that had been treated 
with 1 mM acetaldehyde and 1 mM MDA for 3 day3 (ap¬ 
proximately 0.2 pg/well). Biotinylated antibody (1:400 final 
dilution) waa incubated with varying concentrations of test 
samples overnight at 4 *C, and then a 100 uL aliquot of each 
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Figure 3. Determination of solid phase antigen concentration 
and antibody dilution in a direct ELISA. ELISA plates (96-well) 
were coated with BSA-MAA at concentrations of400, ZOO, 100, 
50, 25, and 12.5 ng/well. Six serial 2-fold dilutions (1:200 to 
1:6400) of biotinylated, affinity-purified antibody were added 
to each well, and specifically bound antibody was detected with 
alkaline phosphatase-conjugated streptavidin complex. 

sample was added to duplicate wells of the coated plates and 
incubated for 45 min at 37 °C. After washing, 100 fiL of alkaline 
phosphatase-conjugated streptavidin was added, and procedures 
as described for the direct ELISA were used to obtain optical 
density measurements. Results for each inhibitor concentration 
are expressed as percent inhibition, which was calculated using 
the following formula: 


Toinhibitian — 


(OD. m ~ BKGJ - (OD mple - BKG) 


(OD -BKG) 


X 100 


where OD roaJ is OD in the absence of inhibitor, BKG is OD from 
nonspecific absorption of assay reagents, and OD im pii is the OD 
resulting from a given concentration of test samples. 


Results 

In order to employ an immunoassay for the detection 
of MAA adducts in biological samples, it is essential that 
the epitope recognized by the MAA adduct antibodies be 
fully characterized. Therefore, studies to characterize the 
primary epitope recognized by an affinity-purified MAA 
adduct antibody, which was previously used in an im¬ 
munoassay to detect the presence of MAA adducts in 
livers of ethanol-fed rata (12), were undertaken. In this 
regard, the ability of numerous synthetic analogs of MAA 
to competitively inhibit antibody binding to solid phase 
BSA-MAA (competitive ELISA) was evaluated. 

In initial experiments, the optimum conditions for the 
competitive ELISA were established and standardized. 
BSA-MAA, the solid phase antigen, was prepared by 
reacting BSA with 1 mM acetaldehyde and 1 mM MBA 
for 3 days at 37 “C. Coating varying amounts of BSA- 
MAA solid phase antigen indicated that 200 or 400 ng/ 
well BSA-MAA gave similar OD readings and yielded a 
similar OD verses log dilution of antibody relationships 
in a direct (noncompetitive) ELISA (Figure 3). The 
antibody at a 1:400 dilution produced Bin OD change of 
approximately 1.0, 30 min following substrate addition. 
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Analogs (pmoles/well) 

Figure 4. Competitive inhibition of MAA analogs modified at 
the 1 position on antibody binding to BSA-MAA in a competitive 
ELISA. Inhibitions of analogs on antibody binding are described 
under Materials and Methods. The analogs assayed were 
1-hexyl (a), 1-methyl (O), 1-hydrogen (•), and 1-fert-butyl (*). 
Structures are compounds 1—4, respectively, as shown in Figure 

a. 


Similar results were obtained when using HSA-MAA as 
coating antigen (data not shown). Therefore, 20D ng/well 
coating antigen (BSA-MAA) and a 1:400 dilution of 
antibody were established as appropriate and standard¬ 
ized conditions for subsequent competitive ELISA used 
to characterize the MAA antibody. 

On the basis of previous studies and considerations 
(.12), a highly fluorescent cyclic adduct composed of two 
molecules of MDA and one molecule of acetaldehyde, 
whose structure can be represented as a 4-methyl-l,4- 
dihydropyridine-3,5-dicarbaldehyde derivative of an e-ami- 
no group of protein Iysyl residues (Figure 1) has been 
proposed as a major MAA-protein adduct. In view of this, 
synthetic analogs of this proposed derivative, whose 
structures are illustrated in Figure 2 (compounds 1—8), 
were evaluated on their ability to inhibit antibody 
binding to BSA-MAA in a competitive ELISA. As shown 
in Figure 4, the most potent inhibitor of antibody binding 
was the 1-hexyl derivative (compound 1). This analog 
would most closely simulate the putative MAA derivative 
of a Iysyl residue of a protein. Substitution, of a methyl 
group at the 1-position (compound 2) caused a slight 
decrease in inhibition when compared, to the 1-hexyl 
analog (compound 1), whereas substitutions of hydrogen 
(compound 3) and the bulky fert-hatyl group (compound 
4) at the 1-position produced similar and moderately 
decreased inhibitions of antibody binding (Figure 4). 
Replacement of the 4-methyl group of compound 1 by a 
4-propyl (compound B), 4-hexyl (compound G), or 4-cyclo- 
hexyl (compound 1) group resulted in substantial de¬ 
creases in the inhibition of antibody binding (Figure 5). 
Likewise, replacement of the aldehyde groups at the 3,5 
positions with methyl ester groups (compound 8) resulted 
in a marked decrease in inhibition (Figure 5). When the 
concentrations of analogs giving a 50% inhibition were 
calculated from the inhibition curves (Table 1), the 
1-hexyl derivative (compound 1) proved to be the most 
potent inhibitor. Substitutes at the 1-position (com- 
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Figure 5. Competitive inhibition of MAA analogs modified at 
the 4 position and 3,5 positions on antibody binding to BSA- 
MAA in a competitive ELISA- Inhibitions of analogs an antibody 
binding are described under Materials and Methods. The 
analogs assayed were 1-hexyl (o), 4-hcxyl (□), 4-propyl (O), 
4-cyclohexyl (•), and 3,5-dimethyl ester (a). Structures are 
compounds 1 and 5—8* respectively, as shown in Figure 2. 


Table 1, Competitive Inhibition of MAA Analogs in the 
BSA-MAA Competitive ELISA Assay 


analog” 

50% inhibition 6 (pmol/well) 

1-hexyl (1) 

4 

1-methyl (2) 

14 

1-hydrogen (3) 

240 

1-ferr-butyl (4) 

280 

4-propyl (5) 

1.5 x 10* 

4-hexyl (6) 

1.5 x 10* 

4-cyclohexyl (7) 

>8.0 x 10* 

3,5-dimethyl ester (8) 

>4.0 x 10* 

pyridoxal 

>2.0 x 10 7 

pyridoxine 

>2.5 x 10 7 

NAD 

>4.0 x 10 s 

NMN 

>1.0 x 10 7 

NADH 

>5.0 x 10 7 


“ Number in parentheses refers to compounds listed in Figure 
2. 6 Values expressed as averages of 3 separate determinations. 


pounds 2—4-), although exhibiting higher concentrations 
necessary for 50% inhibitions than compound 1, still 
proved to be relatively efficient inhibitors. In contrast, 
substitutions at the 4-position (compounds 5—7) and the 
3,5 positions (compound 8) resulted in poor inhibitors 
even at high concentrations. Other endogenous liver 
compounds with structures related to MAA, such as 
NADH, pyridoxal, NMN, and others, were essentially 
ineffective competitive inhibitors (Table 1). 

The characterization of the interaction of the MAA 
antibody with MAA-adducted proteins was the focus of 
further studies. In these experiments, BSA was incu¬ 
bated in the presence of 1 mM acetaldehyde and 1 mM 
MDA for 4, 8, and 24 h. Total MAA adducts were 
quantified by measuring [ lj| C]acetaldeh.yde binding;, and 
tbe quantity of the specific cyclic 2:1 MI)A:acetaldehyde 
adduct (Figure 1) was estimated by measuring 1 the 
fluorescent intensity (12). The formation of total BSA- 
MAA adducts increased in a linear manner with time, 
whereas the generation of the specific fluorescent adduct 
appeared to be delayed (Table 2). For instance, at the 
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Table 2. l l ‘C]AcetaIdehyde Binding and Generation of 
Fluorescent Compounds during BSA-MAA Adduct 
Formation 0 


time of 

incubation (h) 
- - — 

a 

24 


acetaldehyde binding 
(nmol/mg 1 ) 

16 

26 

78 


fluorescent MAA 
equiv* (nmol /rog) 

0.7 

2.5 

22.6 


- Acetaldehyde. (1 mM) and MDA (1 mM} were incubated with 
1 mg/mL BSA at 37 "C far various time periods. [ l1 C]AcetaIdehyde 
binding and fluorescence were determined eo described in Materi¬ 
als and Methods. Values shown are averages of 3 determinations 
4 Determined using hexyl-MAA (compound I in Figure 2) as 
Standard. 


early time point, the fluorescent adduct represented only 
about 4% of total MAA adducts, whereas at the later time 
point, it represented nearly 30% of total adducts (Table 
2). When these variously MAA-adducted BSAs were 
tested in the competitive ELISA, the results indicated 
an ordered family of inhibition curves where the most 
highly modified BSA (24 h sample) was the most efficient 
inhibitor and the least substituted BSA (4 h sample) was 
the least efficient inhibitor when the percent inhibitions 
were plotted aa a function of BSA concentrations (Figure 
6A). When the same inhibitions were plotted as a 
function of total MAA modification (i.e. p acetaldehyde 
binding), a similarly ordered family of curves was gener¬ 
ated (Figure 6B); however, when the same inhibitions 
were plotted as a function of the amounts of the specific 
fluorescent adduct (i.e., fluorescent MAA), the family of 
curves became superimposed (Figure 6C). These data 
indicate that the number of fluorescent MAA epitopes l 
on BSA appeared to be the most important determining 
factor in causing inhibition of antibody binding. 

The generation of MAA adducts with a variety of 
proteins, as well aa the ability of these MAA-adducted 
proteins to inhibit antibody binding in a competitive 
ELISA, was next investigated. As was the case for our 
studies with BSA, total MAA adducts were determined 
by [ 14 C]acetaldehyde binding and the specific 2:1 cyclic 
MAA adduct was estimated by fluorescence. The level 
of total MAA adducts varied considerably among the 
various proteins tested, ranging from 102 nmol/mg for 
ovalbumin to 19 nmol/mg for hepatic microsomal proteins 
(Table 3). Likewise, the amounts of the 2:1 fluorescent 
addueta varied considerably, ranging from 17.4 nmol/mg 
for BSA to only 0.8 nmol/mg for actin. The ratio of the 
2:1 adduct to total MAA adducts also showed consider¬ 
able variation with values of about 0.2 for hepatic 
microBomes and BSA but only 0.013 for laminin (Table 
3). In addition, total MAA addueta with polylysine were 
relatively high compared to the proteins, and about 25% 
of these were the specific fluorescent adduct (Table 3). 

All of the MAA-adducted proteins were effective inhibi¬ 
tors of antibody binding in the competitive ELISA 
(Figures 7 and 8). Each MAA-adducted protein produced 
a distinct inhibition curve which was not totally depend¬ 
ent on either the amount of total MAA adducts farmed 
(Figure 7A) or the amount of fluorescent MAA adducts 
formed (Figure 8A). Thus, the degree of inhibition of 
antibody binding is a function of both MAA adducts and 
the particular protein that was MAA adducted. However, I 
when the MAA-adducted proteins were digested by 
Pronase prior to testing in the competitive ELISA, the 
inhibition curves obtained from these various MAA- ; 
adducted proteins were essentially superimposable when ^ 
the percent inhibitions were plotted versus fluorescent 
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Figure 6. Competitive inhibition of BSA-MAA adducts in a 
competitive ELISA. BSA was modified with 1 mM MDA and 1 
mM acetaldehyde for 24 (a), 8 (•), and 4 (■) h at 37 “C. The 
relative ability of the variously MAA-modified BSAs to inhibit 
antibody binding waa evaluated by a competitive ELISA as 
described under Materials and Methods. Percent inhibition of 
MAA adducts is expressed as a function (A) of protein concen¬ 
tration, (B) of covalently bound acetaldehyde, and CC) of 
fluorescent MAA equivalents. 


MAA epitopes (Figure 8B) hut not when plotted versus 
total MAA adducts (Figure 7B). This point is further 
illustrated when considering the concentration of fluo¬ 
rescent MAA adducts on a particular protein necessary 
ta produce 50% inhibition of antibody binding (Table 4). 
Before Pronase treatment, a wide range of values for the 

* 




Table 3. I 14 C]Acetaldehyde Binding and Generation of 


Fluorescent Compound* during MAA Adduct Formation 
with Various Proteins 0 



acetaldehyde binding 

fluorescent MAA 

protein 


(nmol/mg) 

equiv* (nmol/mg) 

BSA 


88 

17.4 

HSA 


82 

15.5 

hepatic cytosol 


22 

3.5 

hepatic microsomes 

ie 

3.8 

ovalbumin 


102 

6.6 

laminin 


79 

1.0 

actin 


34 

0.8 

ASGP-R 


82 

3.4 

polylysine 


2S0 

64.0 


° Acetaldehyde Cl mM) and MDA (1 mM) were incubated with 
1 mg/mL protein at 37 “C for 24 h. [ 14 C]AcetaIdehyde binding and 
fluorescence were determined as described in Materials and 
Methods. Values shown are averages of 2-3 determinations, 
'’Determined using hexyl-MAA (compound 1 in Figure 2) as 
standard. 

50% inhibition concentration was observed for the various 
proteins. These values ranged from 1.0 pmol/well for 
hepatic mierosomes and cytosol to 31 pmol/well for 
ovalbumin, and polylysine-MAA was a relatively inef¬ 
ficient inhibitor at a value of 300 pmol/well. However, 
pretreatment with Pronaae narrowed this range of 50% 
inhibition concentrations considerably. In this case, 
values ranged from 6 pmol/well for hepatic microsomes 
to 21 pmol/well for ovalbumin, and even polylysine at 18 
pmol/well fell within this range of values. 

Discussion 

Previous studies have shown that acetaldehyde and 
MDA aynergistically react with proteins to generate 
unique hybrid adducts which have been designated as 
MAA adducts ( 12 )- A high-titer polyclonal antibody was 
raised in rabbits that showed a high specificity for MAA 
epitopes in proteins and did not react with acetaldehyde- 
treated, MDA-treated, or carrier proteins (.12). This 
specific antibody was then used in a competitive ELISA 
and detected the presence of MAA adducts in livers of 
ethanol-fed rats (12). In order to validate this immu¬ 
noassay for MAA adducts in terms of specificity and 
applicability for quantitative analysis, it is necessary to 
define the epitope recognized by the antibody. In addi¬ 
tion, information concerning the chemistry of MAA 
protein, adducts and specific structures of these adducts 
could also be derived from such studies on characteriza¬ 
tion of the antibody. 

The current studies focused on determining the epitope 
recognized by the antibody against MAA-modified pro¬ 
teins. On the basis of our previous work (12) and reports 
in the organic chemistry literature concerning the reac¬ 
tions of MDA and alkanals with primary amines under 
neutral conditions (17, 18, 22), a 4-methyl-l,4-dihydra- 
pyTidine-3,q-dicarbaldehyde derivative to an e-amino 
group of a protein lysyl residue (Figure 1) was suggested 
to represent a structure of a MAA-pratein adduct and 
the specific epitope recognized by the antibody. When 
several synthetic analogs of this derivative were synthe¬ 
sized and tested on their ability to competitively inhibit 
antibody binding to solid phase BSA-MAA in a competi¬ 
tive ELISA, the analog synthesized by reacting MDA and 
acetaldehyde with hexylaxaine (compound 1 in Figure 2) 
was the most patent inhibitor of antibody binding- In 
this case, hexylamine waa used aa a source of amino 
groups to mimic the alkyl 3ide chain of an internal lysine 
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Figure 7. Inhibition of variously MAA-adducted proteins on 
antibody binding- in a competitive ELISA. Eight different 
proteins were modified with 1 mM MDAand 1 mM acetaldehyde 
for 24 b at 37 °C. Before analyzing in a competitive ELISA, the 
MAA-adducted proteins (1 xag/mL) were treated without Pro- 
nase (A) ot with Pronase (B). The ability of MAA-modifiied 
proteins to inhibit antibody binding was evaluated by a com¬ 
petitive ELISA as described under Materials and Methods, 
Percent inhibition is expressed as a function of covalently bound 
acetaldehyde. The proteins assayed were microsomea (□), cytosol 
(a), BSA (O), HSA (•), laminin (V). actin (V), ASGP-R CO), and 
ovalbumin (■). 

residue of a protein. Substitution, of the hexyl group at 
position 1 {i.e., on the nitrogen) with either methyl, 
hydrogen, or even the bulky fert-butyl group resulted in 
decreased inhibition of antibody binding compared to the 
1-hexyl derivative, but these compounds still were rela¬ 
tively efficient inhibitors. In contrast, substitution of the 
4-methyl group of the parent compound with a n-propyl, 
hexyl, or cyclohexyl group generated compounds that 
were poor inhibitors of antibody binding. Likewise, 
substitutions of the aldehyde groups at the 3,5 positions 
of the ring with methyl esters resulted in analogs that 
minimally affected antibody binding. Endogenous liver 
compounds, such as pyiidoxal, pyridoxine, NAD, NADH, 
and NMNH, essentially had no effect on antibody bind¬ 
ing. Overall, the results indicate that substitutions at 
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Figure 8. Inhibition of variously MAA-adducted proteins on 
antibody binding in a competitive ELISA Eight different 
proteins were modified with 1 mM MDA and 1 mM acetaldehyde 
for 24 h at 37 °C. Before analyzing in a competitive ELISA the 
MAA-adducted proteins (I ing/mL) were treated without Pro¬ 
nase (A) or with Pronase (B). Percent inhibition is expressed as 
a function of fluorescent MAA equivalents. The proteins assayed 
were microsomes (□), cytosol (a), BSA LO), HSA (•), laminin 
(v), actin (▼), ASGP-R lO), and ovalbumin (■), 

Table 4. Competitive Inhibition of MAA-Derivatized 
Proteins in the BSA-MAA Competitive ELISA Assay 

507/j inhibition 3 (pmol/well) 
protein before Pronase after Pronase 


BSA 

3.4 

14 

HSA 

8.0 

15 

hepatic cytosol 

1.0 

21 

hepatic mlcrosomes 

1.0 

6 

ovalbumin 

31.0 

15 

laminin 

1.5 

12 

actin 

2.5 

10 

ASGP-R 

5.0 

18 

polylyaine 

300.0 

18 


“ Determined by fluorescent analysis using hexyl-MAA (com¬ 
pound 1 in Figure 2) as standard and expressed as MAA 
fluorescent equivalents. 

the 1 position, (i.e., on the N of the 1 , 4 -dihydropyridme 
ring) do not appreciably alter the ability of the antibody 
to recognize the proposed epitope, indicating that the 
antibody can recognize the proposed 1 , 4 -dihydropyridine 
structure derivatized to an c-amino group of lysine as well 
as the a-amino group of a N-tenninus amino acid. It does 
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appear, however, that the methyl group at position 4 and 
the aldehyde groups at positions 3 and 5 of the 1,4- 
dihydropyridine ring are critical for antibody recognition 
and binding. Therefore, the structure indicated in Figure 
1 appears to be the epitope recognized by the antibody 
and the major determinant of antibody binding. 

When MAA adduct formation with BSA was monitored 
over a time course, [ 14 C]acetaIdehyde binding to BSA 
increased in a linear ma n ner with time, whereas a delay 
in the generation of fluorescent product was observed. 
Incorporation of radiolabeled acetaldehyde would be a 
measure of acetaldehyde adducts plus MAA adducts; 
however, previous studies showed that in the absence of 
MDA comparatively very little acetaldehyde bound to 
proteins (12). Therefore, it appears that in the experi¬ 
ments conducted in this study the majority of radiola¬ 
beled acetaldehyde incorporated into proteins in the 
presence of MDA represents mainly MAA adducts with 
only a minimal contribution made by acetaldehyde ad¬ 
ducts. Since incorporation of labeled acetaldehyde into 
BSA represents formation of total MAA adducts and the 
fluorescent intensity represents the generation of the 
specific 1,4-dihydropyridine adduct (Figure 1), it appears 
that this fluorescent adduct represents only a fraction of 
the total MAA adducts formed. At early time periods, 
the fluorescent adduct represented only about 4% of total 
MAA adducts, increasing to represent 30% of total 
adducts after 24 h of reaction. When these various MAA- 
adducted BSAs were tested in the competitive ELISA, 
the results showed that the number of fluorescent MAA 
epitopes on BSA and not the number of total MAA 
epitopes was the most important factor in determining 
the degree of inhibition of antibody binding. These data 
add farther support that the epitope recognized by the 
antibody is indeed the 1,4-dihydropyridine product whose 
structure is shown in Figure 1. 

Examination of MAA adduct formation with a variety 
of protein sources indicated that the formation of both 
total and fluorescent MAA adducts varied considerably. 
Among the eight proteins tested, the level of total MAA 
adduct formation varied over a 5-fold range and the level 
of fluorescent MAA adduct varied over a nearly 20-fold 
range. In addition, the percentage of total adducts that 
were the specific fluorescent adduct also varied markedly 
among the proteins, ranging from 1% to over 20%. The 
reasons for this wide range of values for MAA adducts 
with these various proteins are unclear but may be 
related to our previous studies, demonstrating that 
certain proteins such as a-tubulin (23, 24), RNase (25), 
and calmodulin (26) have enhanced ability to form stable 
adducts with acetaldehyde alone. The ability of these 
particular proteins to serve as selective targets of acetal¬ 
dehyde adduct formation has been attributed to their 
possession of reactive lysine residues with increased 
affinity to stably bind acetaldehyde (4, 27). Current 
studies are in progress to evaluate the role of reactive 
lysine residues in MAA adduct formation and other 
possible factors that regulate both total and fluorescent 
MAA adduct formation. 

Another point concerning the chemistry of MAA adduct 
formation that requires further consideration is the 
nature (t.e., structures) of the nonfluorescent MAA ad¬ 
ducts. It appears from the results of the current studies 
that at least in in vitro studies these nonfluorescent 
adducts quantitatively form to a greater extent than does 
the fluorescent MAA adduct. Since our current antihody 
likely recognizes only the fluorescent adduct, the presence 
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of the nonfluorescent adducts in vivo during ethanol 
consumption is unknown. In a previous report (12), we 
have suggested that a 1:1 adduct of MDA and acetalde¬ 
hyde with an amino group of a protein could generate a 
MAA adduct with the following structure: protein-NH- 
CH(CHs)-CH-(CHO)z. Studies are in progress to further 
clarify the chemistry of the nonfluorescent MAA adducts 
and to produce a specific antibody against these adducts. 

All of the eight MAA-adducted proteins were effective 
inhibitors of antihody binding in the competitive ELISA, 
although the efficiency of inhibition varied markedly 
among these proteins. This remained the case even when 
the percent inhibitions were plotted as a function of the 
number of fluorescent MAA epitopes. However, when 
these MAA-adducted proteins were hydrolyzed with 
Pronase, the resulting hydrolysates considerably nar¬ 
rowed the range of concentrations of the various proteins 
required for 50% inhibition of antihody binding. Appar¬ 
ently, protein hydrolysis equalized the accessibility of the 
antibody to bind the epitope present on these various 
MAA-adducted proteins. Surprisingly, in most cases 
Pronase digestion increased the 50% inhibitory concen¬ 
trations, indicating that the fluorescent epitope in the 
protein-bound form appears to be more effective in 

interacting with the antibody. In the case of polylysine, 
MAA-polylysine was a poor inhibitor in the nonhydro- 
lyzed state compared to proteins; however, hydrolysis of 
polylysine-MAA gave a 50% inhibitory concentration that 
fell within the range of 50% inhibitory concentrations 
observed for the hydrolyzed proteins. 

In conclusion, we have successfully defined the epitope 
that is recognized by the MAA adduct antibody which 
was previously used to detect the presence of MAA 
adducts in liver3 of ethanol-fed rats. This antibody has 
a high degree of specificity for the detection of a fluores¬ 
cent 1,4-dihydropyridine derivative (Figure 1). In addi¬ 
tion to this specific adduct, MAA adducts are comprised 
of other nonfluorescent products. Further clarification 
of the chemistry of MAA adduct formation with proteins 
and the development of well-characterized and specific 
antibodies should open more avenues for the study of the 
role of MAA-protein adducts in the pathogenesis of 
alcoholic liver disease. 
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